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Abstract. An analytical model has been developed to estimate the polarization effects, such as instrumental
polarization (IP), crosstalk (CT), and depolarization, due to the optics of the Thirty Meter Telescope. These are
estimated for the unvignetted field-of-view and the wavelengths of interest. The model estimates an IP of 1.26%
and a CT of 44% at the Nasmyth focus of the telescope at the wavelength of 0.6 μm at field angle zero with the
telescope pointing to zenith. Mueller matrices have been estimated for the primary, secondary, and Nasmyth
mirrors. It is found that some of the Mueller matrix elements of the primary and secondary mirrors show a fourfold
azimuthal antisymmetry, which indicates that the polarization at the Cassegrain focus is negligible. At the
inclined Nasmyth mirror, there is no azimuthal antisymmetry in the matrix elements, and this results in nonzero
values for IP and CT, which would negatively impact the polarization measurements at the telescope focus. The
averaged Mueller matrix is estimated at the Nasmyth focus at different instrument ports and various zenith
angles of the telescope. The variation in the Mueller matrix elements for different coatings is also estimated.
The impact of this polarization effect on the science case requirements has been discussed. This analysis
will help in achieving precise requirements for future instruments with polarimetric capability. © 2018 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JATIS.4.1.018003]
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1 Introduction
Polarization measurements of celestial sources reveal useful
information regarding their magnetic field, scattered dust, stel-
lar, and planetary atmosphere.1 These measurements are taken
using a polarimeter placed at the telescope focus. Ideally, the
telescope and instrument optics should not alter or introduce
any polarization to the incoming light. However, as shown
by the earlier work of Mcguire and Chipman2 and Stenflo,3
the instrumental polarization (IP) and polarization aberrations
are introduced by lenses and mirrors in the telescope and instru-
ments. It is also seen that the high angle of incidence of the
incoming polarized light affects the image quality.4,5 In addition
to this, the telescope optics also cause depolarization (DP) and
crosstalk (CT).6 If the polarization measured at the telescope
focus is nonzero for an unpolarized incoming light, then it is
termed as IP.7 DP is the loss of polarization due to the telescope
optics when a 100% linearly polarized light is incident and is
measured as (100–P)%, where P is the polarization measured
at the focus. Additionally, if the telescope system converts
the incoming linear polarization to circular or vice-versa, it is
called CT. If the optical system has an inherent cylindrical
(or azimuthal) symmetry and the object is on the optical axis
of the telescope, the polarization introduced by the optics
will be canceled out mutually, resulting in zero IP and CT.7
In general, a Cassegrain system (with the object on the axis
of the telescope) is preferred for polarization observations, as
it is expected to be free of IP.1,8 However, in the real scenario,
there are several factors that alter the polarization of the incom-
ing light, such as inhomogeneities in the thickness, composition,
oxidation, and aging of the coating.9,10 These are different from
the polarization effects caused by the reflection geometries of
the telescope and are treated mostly as noise in the measure-
ment. In this work, we describe the polarization effects due
to the reflection geometries of the telescope optics with special
emphasis on the Nasmyth focus. We have assumed all other
conditions to be ideal for our case.
The next generation large telescopes11,12 consist of a
Nasmyth platform on which the instruments are placed. In
these systems, the light is directed toward various instruments
using a fold mirror (Nasmyth mirror), which is placed after the
secondary mirror. It is found that an aluminum-coated fold mir-
ror kept at an inclined angle of 45 deg can give an IP of 2.8%
and CT of 18% at a wavelength of 0.63 μm.13 The dependence
of IP on the incident angles of the mirror has already been esti-
mated and presented for silver, gold, and aluminum coating.14
A model has been developed to estimate the IP at the focus
of a very large telescope (VLT).15 They use Stokes/Mueller
formalism to estimate the IP for the telescope and the Nasmyth
adaptive optics system (NACO) for the Ks band. The model is
compared with the standard star observations. An extensive
analysis of the IP at the focus of the European Extremely
Large Telescope (E-ELT) has been done.16 They use the polari-
metric system code M&m’s to estimate the IP due to the optical
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path of the E-ELT for a wavelength range of 500 to 900 nm and
zenith angle of 0 deg to 90 deg.
Another large segmented mirror telescope, the Thirty Meter
Telescope (TMT) is proposed to be built on Mauna Kea in
Hawaii,11 which has a folding mirror in its optical configuration.
The potential polarimetric science cases that can be carried o
ut with the TMT were collected by the TMT polarimetry and
time-resolved capabilities working group (PTRWG).17 For each
observing program, the spectral resolution, wavelength range,
maximum polarization measurement error, object type, field
size, and the planned instrument type for observing were
tabulated. The amount of acceptable IP and CT that could be
tolerated while conducting the key polarimetric science pro-
grams was found to be 1% to 2% and 1% to 20%, respectively,
for different wavelength ranges and field angles. These levels
were derived based on the expected errors in calibrating the
IP and CT.
The optical design of the TMT is a folded Ritchey–
Chretien,18 where the primary mirror is a concave hyperboloid,
with 492 hexagonal segments with each segment being about
1.44 m (56.6 in.) across the corners. The segment gap between
the segments is 2.5 mm (0.1 in.) wide.19 The diameter of the
secondary mirror is 3.1 m, which converts the light coming
from the primary mirror at f∕1 to f∕15 beam for the science
instruments on the Nasmyth platforms, as shown in Fig. 1.20
The Nasmyth (tertiary) mirror is a plane mirror (with elliptical
cross-section) of 3.5 × 2.5 m across and located at the center of
the primary mirror. The tertiary mirror will be able to switch
among the science instruments rapidly and precisely, and track
in two axes to keep the beam aligned with the instrument
when the telescope changes zenith angle. The rotation axis is
coincident with the primary mirror optical axis, and the tilt axis
is perpendicular to that axis. The focal ratio of the telescope is
f∕15, and the image is formed at the Nasmyth foci, 20 m from
the center of the tertiary mirror. The unvignetted field-of-view of
the telescope is 15 arc min and field-of-view with vignetting is
20 arc min.
Fig. 1 The Nasmyth platform of the TMT showing the different instru-
ment positions. Wide field optical spectrograph (WFOS) instrument
port corresponds to the tilt of 45 deg of the Nasmyth mirror.
Fig. 4 The coating used in the modeling is shown. Silver is the bulk
metal layer. Silicon nitride is the protective layer.
Fig. 2 The incident angles are shown for the on-axis rays on the
surface of primary mirror. x and y are in meters and contour values
are given in degrees.
Fig. 3 The incident angles are shown for the on-axis rays on the
surface of Nasmyth mirror. x and y are in meters and contour values
are given in degrees.
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Fig. 6 The reflection coefficients on the mirror surface at λ ¼ 2.583 μm is shown for the Nasmyth mirror.
(a) and (b) show the amplitudes and (c) and (d) show the phase of the reflection coefficients. x and y are in
meters. The values for the phases are given in degrees.
Fig. 5 The reflection coefficients on the mirror surface at λ ¼ 2.583 μm is shown for the primary mirror.
(a) and (b) show the amplitudes and (c) and (d) show the phase of the reflection coefficients. x and y are
in meters. The values for the phases are given in degrees.
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In this paper, we present a complete analysis of the polari-
zation effects due to the optics of the TMT, which is an elaborate
and detailed description of the concepts reported earlier in
Anche et al.21 The paper is organized as follows. Section 2
gives the brief summary of the polarization ray tracing algorithm
used for the estimation of the polarization effects from the tele-
scope. The algorithm is explained in detail in Appendix A. The
variations in the IP, CT, and DP with wavelength (λ ¼ 0.4 to
2.5 μm) and field angle (0′ to 7.5′) at one of the instrument
ports (WFOS) are estimated and presented. Along with this,
the contour plots of the Mueller matrix terms explaining the
variation of the matrix elements over the mirror surface are pre-
sented in Sec. 3. The dependence of Mueller matrix elements on
the field angle, instrument position, zenith angle and the mirror
coating is shown in Sec. 4. Section 5 discusses the impact of
these effects on the science programs and their mitigation,
and calibration strategies.
This work would be beneficial in deciding the wavelength
range, field-of-view, and the instrument port for any future
instrument with polarimetric capability.
2 Polarization Ray Tracing Algorithm
The polarization ray tracing has been described in the past by
various authors. In the work by Chipman,22 the authors have
described a polarization ray tracing calculus, which is a gener-
alization of the Jones calculus into three dimensions. They have
considered x − y − z coordinate system as the global coordinate
system and p − s as the local coordinate system, which is also
followed in this paper. In a later work,23 the IP and DP were
calculated at the prime and Cassegrain foci. The polarization
ray tracing algorithm (given in Appendix A) for TMT developed
in the present work is actually based on the earlier work by Sen
and Kakati.23 It involves tracing of the ray from the primary mir-
ror of the TMT till the Nasmyth focus considering changes in
the polarization at each surface. The direction cosine (DC) of the
rays is determined at each interface for the incident, reflected
rays, and surface normal (which together define a plane).
The electric field vector in the rays can be resolved into two
orthogonal directions, p-vector, which is parallel to the plane,
and s-vector, which is perpendicular to the plane. The DCs
of these vectors are also estimated. The Fresnel reflection
coefficients24 rp and rs are estimated for the mirror coating.
The quantities rp and rs represent the amplitude reflection
coefficients. These two parameters depend on the location of
mirror surfaces from where reflections take place. We use
Stokes–Mueller25 formalism for determining the polarization
effects. The Stokes vector for the unpolarized light is [1 0 0 0],
which indicates that the amplitude of the electric field vectors in
Fig. 7 The Mueller matrix of the primary mirror at a wavelength of 2.580 μm for the on-axis rays. The
number of rays is sampled radially. The input Stokes vectors are multiplied with this Mueller matrix to
estimate the corresponding output Stokes vectors. The azimuth antisymmetry is seen in all the elements
except the diagonal elements, which explains zero IP (M21 and M31) and CT (M32, M42, M43) for
on-axis rays at the prime focus. hi gives the average values of the Mueller matrix elements.
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p − s frame as Ep ¼ 1∕
ﬃﬃﬃ
2
p
and Ep ¼ 1∕
ﬃﬃﬃ
2
p
.25 With unpolar-
ized light as input, if the IP is found to be present at the focal
plane, then it is indicative of nonzero values of Q, U, and V. For
the 100% linearly polarized light with Stokes vectors ½I QU 0,
the quantity
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q2 þ U2
p
should be equal to 1. In the present
work, we estimate the IP, CT, and DP for such unpolarized
and 100% polarized light as inputs for the TMT. To estimate
the polarization effects for different input polarization states,
the Mueller matrixM can be calculated analytically using reflec-
tion coefficients.13 We have also used the polarization ray trac-
ing algorithm as available in the optical design software Zemax,
to compare it with the analytical ray tracing model used in the
present work. In Zemax, the polarization pupil map is used to
perform polarization ray tracing for a large number of rays for
different input polarization states.17
3 Polarization Effects at the Telescope Focus
Using the polarization ray tracing algorithm given in
Appendix A, incident angles have been estimated on the surface
of primary, secondary, and Nasmyth mirrors. The incident angle
on primary (shown in Fig. 2) and secondary mirror shows sim-
ilar variation for the rays parallel to the z-axis. Incident angle
varies from 1.43 deg (at the inner edge with a radius of
1.5 m) to 14.0358 deg (at the outer edge of the mirror with
a radius 15 m) in the case of the primary. It varies from
1.527 deg to 14.9955 deg for the secondary mirror. The incident
angle in the case of the Nasmyth mirror (Fig. 3) increases from
43.0896 deg to 46.9104 deg from one end of the mirror to the
other end. One end of the beam (marginal ray) will have a higher
angle of incidence compared to the other end, since the converg-
ing beam falls on the mirror kept at a tilt of 45 deg.
The mirrors in the TMT telescope will have a four-layer coat-
ing,26 which was initially developed for the Gemini telescope.27
We are considering Si3Nx of 85Å and silver of 1100Å for the
analysis, as shown in Fig. 4. The refractive index of NiCrNx
(thickness of 65Å and 6Å) was not available in the literature
and hence is not considered here.
In Fig. 4, nb and θb are the refractive index and the incident
angle at the bulk metal silver layer, respectively, and nf is the
refractive index of Si3N4. nm and θm are the refractive index and
incident angle for air, respectively. The refractive indices of
Si3N4 and silver are obtained from Palik.
28 The Fresnel reflec-
tion coefficients rp and rs for this coating are calculated
9,29 for
all three mirrors. We note that rp and rs are complex numbers.
The contour plots of the reflection coefficients for primary and
tertiary are shown in Figs. 5 and 6, respectively. The contours
show the same variation as the incident angles show on the
mirror surfaces. Figures 5(a) and 5(b) show the amplitude
Fig. 8 The Mueller matrix of the Nasmyth mirror at a wavelength of 2.58 μm for the on-axis rays. The
contour plots are similar trend as that of the incident angle of the Nasmyth mirror. They show symmetry
along one axis of the mirror. IP (M21) and CT (M43) are found to increase from one end of the mirror to
the other. M31, M32, and M42 show equal positive and negative values and gives zero on average.
hi gives the average values of the Mueller matrix elements.
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of rp and rs. Figures 5(c) and 5(d) show the corresponding
phase components ϕp and ϕs.
The Mueller matrices are estimated using the reflection coef-
ficients, which show that the polarization effects at prime and
Cassegrain focus are zero for the paraxial rays. However, in
the case of an off-axis source with field angle 7.5′, the IP is
nonzero, with values of 10−6 and 10−4 at prime and Cassegrain
focus, respectively.
The contour plot of the Mueller matrix (M) for the primary
mirror is shown in Fig. 7. The M11 term in Fig. 7 indicates the
intensity values at different regions of the mirror surface. The
incident angles are smaller (near normal angle of incidence)
at the center of the primary mirror, which indicates that the
reflection coefficients are nearly equal. At the periphery, the
rp and rs values diminish, and hence, the intensity decreases
outward. M11 is found to vary over the primary mirror surface
with wavelength. M21 and M31 exhibit the division in four
quadrants. In the first quadrant 0 deg to 90 deg, the M21 on
the mirror exhibits positive values and the next quadrant exhibits
negative values. When all the rays are added at the focal plane,
we getM21 andM31 as zero at the prime focus for on-axis rays.
M41 (I → V) is found to be zero. These three elements
(I → Q;U; V) are related to the IP,13 M22 and M33 show Q →
Q andU → U which when squared and added, gives I for 100%
Fig. 11 Variation of CT for semifield of 7.5′ (z-axis) and wavelength
range of 0.4 to 2.5 μm (x -axis) is shown in the figure at the Nasmyth
focus of TMT. The values are higher near the optical region which is
shown by light yellow compared to those in the near infrared region
shown by dark blue color.
Table 1 The variation of IP, DP, and CT with wavelength at zero field
angle. Here, IP corresponds to the unpolarized light falling on the
mirror and DP, CT corresponds to the 100% linearly polarized light
falling on the mirror.
Wavelength (μm)
IP (%)
DP (%)
CT (%)
I → Q;U U → V
0.4 4.54 2.0 72.12
0.4592 2.69 1.35 61.36
0.5166 1.82 1.08 53.64
0.5636 1.37 0.94 48.77
0.6199 1.21 0.83 44.06
0.6526 1.14 0.78 41.54
0.7293 0.94 0.70 36.83
0.8266 0.70 0.64 32.11
0.9537 0.71 0.58 27.66
1.24 0.68 0.52 21.11
2.000 0.65 0.48 14.37
2.296 0.63 0.47 12.53
2.583 0.61 0.46 11.16
Astronomical bands IP (%) DP (%) CT (%)
U, B, V 4.5–1.3 2–1 70–45
R,I 1.2–0.7 1–0.6 45–32
J 0.68 0.53 21
H 0.65 0.48 14
K 0.63 0.47 12
>2.5 <0.6 <0.46 <10
Fig. 10 Variation of DP for semi field of 7.5′ (z-axis) and wavelength
range of 0.4 to 2.5 μm (x -axis) is shown in the figure at the Nasmyth
focus of TMT. The values are higher near the optical region which is
shown by light yellow compared to those in the near infrared region
shown by dark blue color.
Fig. 9 Variation of IP for semifield of 7.5′ (z-axis) and wavelength
range of 0.4 to 2.5 μm (x -axis) is shown at the Nasmyth focus of
the TMT. The values are higher near the optical region which is
shown by light yellow compared to those in the near infrared region
shown by dark blue color.
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linear polarization as input.M23 andM32 show that theU → Q
and Q → U, respectively. These terms correspond to the polari-
zation rotation. M42 and M43 correspond to linear to circular
polarization CT. Due to antisymmetry, these become zero on
average at the focus (which means when polarization states
of all the rays are added at the focus). The output Stokes vectors
for different polarization states of input ray are obtained by
multiplying the input Stokes vectors with this Mueller matrix25
½Sout ¼ M½Sin.
The contour plots of the Mueller matrix estimated at the
Cassegrain focus display similar behavior as that of the prime
focus, as shown in Fig. 7, and are hence not presented here.
The Mueller matrix corresponding to the Nasmyth mirror is
shown in Fig. 8. The Mueller matrix elementsM11,M22,M33,
and M44 show a similar trend as that of the incident angle of
the Nasmyth mirror.M12,M21,M34, andM43 (after reflection
from Nasmyth mirror) are same across the major axis of the
Nasmyth mirror with a positive contribution from each contour
segment. But along the major axis, they are unequal along the
two directions. The remaining elements (M31,M32,M13,M23,
M24, and M42) have equal positive and negative contributions
on either side of the major axis of the ellipse. Hence, a nonzero
IP (M21) and CT (M43) are seen at the Nasmyth focus.
For an unpolarized light falling on the primary mirror, IP was
estimated at the Nasmyth focus using the ray tracing algorithm
given in Appendix A. It is found to be of the order of 10−6 for the
primary mirror (for field angle 7.5′) and of the order of 10−4 for
the secondary mirror, which are negligible compared with the
measurement error (shown in Fig. 18 and 19 in Appendix A
respectively). However, for zero field angles, these two values
are zero. The plots at the prime and Cassegrain focus have been
given in Appendix A for comparison. Figure 9 shows the IP
estimated at the Nasmyth focus when the Nasmyth mirror is
at θ ¼ 0 deg (rotation) and Φ ¼ 45 (tilt) pointing to WFOS
instrument port (Fig. 1). At this instrument port, the tilt of
the Nasmyth mirror remains at 45 deg even when the zenith
angle of the telescope changes as shown in Eq. (3). In Fig. 9,
IP increases linearly with the field angle. It is on the order of 4%
to 1.2% in the optical region and 0.6% in the near-infrared region
for zero field angle. IP does not change with the zenith angle
EQ-TARGET;temp:intralink-;e001;326;565 ¼
0
BBB@
1 0.453 0 0
0.453 0.9971 0 0
0 0 0.6766 0.7289
0 0 0.7308 −0.6746
1
CCCA: (1)
Fig. 12 Normalized Mueller matrices versus wavelength is obtained at the WFOS port of TMT for
different field angles. The field angles are indicated by different colors.
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The effect of this phenomenon can be seen in a 4 × 4Muller
matrix as given in matrix 1, which we may call as error matrix
(E). The diagonal terms in the matrix 1 are equal to 1 if the
optics of the telescope has no effect on the polarization state
of the input light and off-diagonal terms are zero. However, our
analysis shows that, for an on-axis object, we found there are
deviations from these ideal values. Thus, matrix E provides an
error estimate during uncalibrated polarization measurement.
In the case of 100% polarized light as the input, the DP has
been estimated. It is 0.3% and 1.5% in the case of primary and
secondary mirrors, respectively (Figs. 20 and 21 in Appendix A)
for the field angle of 7.5′ at 0.4 μm wavelength. In Fig. 10, DP
increases with the field angle and is close to 0.8% in the near-
infrared region and rises to 2.5% in the optical at the field angle
value 7.5′ at the Nasmyth focus at the WFOS instrument port
(IBA = 0, IEA = 0). The polarization state of light at the end of
the Nasmyth focus has changed to elliptical from 100% linear
polarization, which indicates the conversion from U to V.
Hence, we estimated the circular polarization at the Nasmyth
focus to determine CT (see Fig. 11). CT at the Nasmyth
focus increases with the field angle and is found to be higher
(70%) in the optical region compared to the near-infrared region
(10%), which indicates that circular polarization has to be
measured to reconstruct the input linear polarization. The DP
and CT do not depend on the pointing of the telescope at
this instrument port of TMT. Table 1 shows the IP, DP, and
CT at Nasmyth focus for different wavelengths, for rays parallel
to the optical axis.
The results of our analysis have been compared with the
modeling results of the E-ELT telescope,16 where an IP of
2% to 3.4% and CT of about 12% to 14% for the wavelength
range of 0.5 to 0.9 μm was estimated. The coating used in the
polarization modeling of E-ELT is protective aluminum and the
optical layout consists of six mirrors,16 where M1,M2, andM3
are rotationally symmetric. The IP and CT are zenith angle
independent for the M4-M5-Nasmyth focus, but zenith angle
dependent for M4-M5-M6-Nasmyth focus. In the case of TMT,
these values are dependent on zenith angle at all the instrument
ports except the instrument port with IBA = 0 and IEA = 0
(WFOS port).30 In the case of VLT telescope, the estimated
IP is 4% for theKs band for the telescope and the adaptive optics
system (NACO).15
4 Averaged Mueller Matrices on the Nasmyth
Platform
In this section the Mueller matrix is estimated for each ray fall-
ing on the primary mirror and averaged at the Nasmyth focus
using the polarization pupil map in Zemax.17 It depends on
the reflection coefficients (which vary with the wavelength), and
on the incident angle. The incident angles (on the Nasmyth
Fig. 13 The IP is estimated at the WFOS port for the field-of-view of the telescope. The three concentric
circles represent 3, 5, and 7.5′, respectively. The IP values are written inside the box at each field point.
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mirror) vary with the field angle, zenith angle of the telescope
and instrument bearing angle (IBA).30
4.1 Mueller Matrices at WFOS Port for Various
Field Angles
The field-of-view of TMT is 15′ without vignetting. The varia-
tion of the Mueller matrix elements with different field angles is
shown in Fig. 12. The matrix elements do not deviate much with
an increase in the field angle. The IP estimated over the field-of-
view (on the sky) of the telescope is shown in Fig. 13. The IP
values are asymmetric along the major axis of the Nasmyth mir-
ror with the elliptical cross-section. This effect would lead to
polarization variation issues in the case of imaging polarimetry
of extended sources.
4.2 Mueller Matrices at Different Instrument Ports of
TMT
As shown in Fig. 1, currently, there are eight instrument ports on
the Nasmyth platform for TMT. The first generation instruments
are going to be Wide Field Optical Spectrometer (WFOS),
Narrow Field Infrared Adaptive Optics System (NFIRAOS)
and Infrared Imaging Spectrograph (IRIS) The rotation (θ)
and tilt (Φ) for the Nasmyth mirror changes for different instru-
ment ports and zenith angles of the telescope. The coordinate
system used to derive these angles is explained in the TMT
design requirements document:30
EQ-TARGET;temp:intralink-;e002;326;708θ ¼ arctan

cos ζ cosðIEAÞ sinðIBAÞ − sin ζ sinðIEAÞ
cosðIEAÞ sinðIBAÞ

;
(2)
EQ-TARGET;temp:intralink-;e003;326;651
Φ ¼ 0.5 arccos½− sin ζ cosðIEAÞ sinðIBAÞ
þ cos ζ sinðIBAÞ; (3)
where ζ corresponds to the zenith angle of the telescope.
It varies from 0 deg and 65 deg. IEA is the instrument elevation
angle and IBA is the instrument bearing angle. θ and Φ corre-
spond to the rotation and the tilt of the Nasmyth mirror depend-
ing on the instrument position. IEA ¼ 0 for all the instrument
ports as the focal plane of all the instruments intercepts with the
telescope focal plane. With IEA ¼ 0, the tilt and rotation of the
mirror depend on IBA and the zenith angle of the telescope.
For the ζ ¼ 0, the Mueller matrix at different instrument ports
can be obtained by Minst ¼ MWFOSRðθÞ, where θ corresponds
to the rotation of the tertiary mirror from its initial position
Fig. 14 Normalized Mueller matrix versus wavelength is estimated at different instrument ports on
the þX Nasmyth platform of TMT. WFOS is at IBA = IEA = 0, HROS is at IBA = 5, IEA = 0, and
IRMOS is at IBA = −5.5, IEA = 0. These are indicated by different colors and line-styles.
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(WFOS port, IBA = 0) and MWFOS is the Mueller matrix at the
WFOS port (θ ¼ 0). These rotation matrices can be easily
included in the data reduction pipeline for determining the
polarization effects at different instrument ports.31 The IP
does not change with the rotation of the mirror as the tilt of
the Nasmyth mirror remains the same at all the ports [see
Eq. (3)]. Figures 14 and 15 show the variation in the Mueller
matrix at different instrument ports on þX and −X Nasmyth
platform, respectively.
For ζ ≠ 0, the θ andΦ vary at every instrument port except at
WFOS port. TheMueller matrices are estimated at two instrument
ports, one on þX and the other on the −X Nasmyth platform of
TMT for varying zenith angles. The IP and CT are found to vary
with the zenith angle of the telescope, as shown in Fig. 16. The
variation in IP is 0.1% and in CT, it is 5% when the telescope is
tracking an object from zenith angle 0 deg to 65 deg.
4.3 Impact of Protected Silver Coating on
Instrumental Polarization and Crosstalk
The IP and CT values, as shown in Fig. 12, indicate that the
polarization effects are comparatively higher in the blue region
than the red region. Further analysis and estimation revealed that
the high IP and CT values are due to the characteristics of silver,
which are related to the complex refractive index of silver. The
reflectivity plots for aluminum, bare silver, and protective silver
can be found in Ref. 32, which show that silver has low reflec-
tivity for the wavelength range of 0.3 to 0.45 μm. The real and
imaginary parts of the refractive index of silver are almost equal.
The Mueller matrix at the Nasmyth focus is obtained with bare
aluminum coating for the comparison with the Gemini coating
used in TMT and the results are reproduced in Fig. 17.
5 Impact on the Science Cases and
Calibration Error
The polarimetric analysis of TMT carried out here computes
the IP, CT, and DP across the field angles and the wavelengths
that can be compared to the requirements of various observing
programs. The calculated mean IP and CT values for the TMT
Nasmyth focus must be considered as lower limits, since in
a real scenario, the instrument would have additional effects
due to variations in the coating and refractive indices, etc.
The TMT PTRWG has collected about 35 science programs
requiring polarimetric capability.33 The suitability of TMT for
all these science cases is available as a TMT internal document
Fig. 15 Normalized Mueller matrix versus wavelength is estimated at different instrument ports on the
þX Nasmyth platform of TMT. APS first light is at IBA = 180, IEA = 0, NFIRAOS is at IBA = 174.5, IEA = 0,
PFI is at IBA = 183, IEA = 0, APS is at IBA = 194, IEA = 0, and MIRES is at IBA = 203, IEA = 0. These are
indicated by different colors and line-styles.
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(see TMT.PSC.TEC.14.007.DRF01).34 We discuss here a few of
those science cases as listed in Table 2. We have compared the
requirements for each science program given in Table 2 against
the values given in Table 1. The first three science programs can
be attempted in the infrared wavelength regime and not in the
optical wavelength regime (see Table 2) depending on their
acceptable IP requirements. The first two programs do not
have any specific requirements on the acceptable amount of CT
and DP. The acceptable degree of CT is much lower than the
estimated values for the third program. In the case of the observ-
ing program number 4, the IP and DP estimated are less than the
requirements given. This can be completely supported by TMT
with an appropriately designed instrument. The last two science
programs in Table 2 with the requirement of acceptable IP on the
order of 0.1% to 0.3% are unlikely to be supported. It is seen
from Table 1 that in the mid- and far-infrared region, the IP, CT,
and DP values are low, which allow us to consider the possibility
of polarimetry in the Q and N bands.
5.1 Mitigation and Calibration Strategies
The polarization calibration error is dependent on systematic
and measurement errors.8 We note here that the IP calculated
in the above analysis can be treated as a systematic error if
all the mirror positions are properly controlled and calibrated.
Thus, one should be able to calibrate and correct the data for
the IP offset. The usual calibration method carried out in a
Cassegrain telescope is recording the observations of standard
polarized and unpolarized stars. This method of calibration can
be carried out for this telescope, but this will obviously not
reduce the actual level of IP. The ability to carry out science
programs depends on the ability to determine an accurate
calibration of the IP. The uncertainty of the calibration of the
IP is typically a few % of the actual IP. Consequently, signifi-
cantly reducing or mitigating the overall IP and therefore
reducing the uncertainty on the calibration is an appealing
strategy. One of the mitigation methods would be to use
a compensating mirror35,36 after the Nasmyth mirror before
the polarimeter optics within the instrument. This mitigation
technique has been implemented in SPHERE in VLT37 and
shows the residual IP of about 10−3. The extent to which IP
and CT due to TMT telescope optics can be nullified by this
configuration has been worked out.38 The compensating mirror
ðM4Þ placed after the telescope focus gives an IP on the order of
10−5 and CT <1% for the field of view of 1 arc min in the entire
wavelength region.38
Fig. 16 Normalized Mueller matrix versus zenith angle is obtained at two different instrument ports on
the Nasmyth platform of TMT. HROS is on the þX and NFIRAOS is on the −X Nasmyth platform.
The colors and line-styles are used to indicate wavelength and instrument port.
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6 Summary and Discussion
1. A detailed analysis of the polarization effects intro-
duced by the optics of the TMT has been carried
out. The analyses indicate that the Nasmyth mirror
is the main source of the IP and CT at the focal
plane, giving rise to an IP of 4.5% to 0.6%, CT of
73% to 11%, and DP of 2.2% to 0.5% in the wave-
length range of 0.4 to 2.583 μm, respectively, for
field angle and zenith angle equal to zero. These
polarization effects vary with field angle and zenith
angle of the telescope. The IP varies by 0.1% and
CT by 5% when the zenith angle of the telescope
varies from 0 deg to 65 deg. The IP and CT values
are found to be asymmetric over the field-of-
view of the telescope. The high values of CT in
the optical region indicate that all the Stokes vectors
have to be measured to reconstruct the input
polarization.
2. The Mueller matrices are estimated and presented in
Sec. 4 at all the instrument ports for different zenith
angles, field angles, and wavelengths. These estimates
would be critical in deciding the parameters for any
future polarimetric instrument for TMT.
3. The impact of the polarization effects on the science
programs has been assessed for a selection of example
science programs that span the range of precision
and sensitivity requirements. Science programs that
require polarimetric measurements in the optical are
unlikely to be supported with TMT, however, pro-
grams that require near-IR and mid-IR polarimetric
measurements look to be achievable. Future work to
study IP mitigation/reduction techniques is mentioned
as this would undoubtedly facilitate more science pro-
grams by reducing the error on the IP calibration.
4. The calculated values are likely to be the lower limits.
The measured IP, CT, and DP might be greater than
the values we have estimated, since in our analysis,
the coating of all the mirrors is considered to be ideal
which might not be the case. Also, the NiCrNx layer
may have an effect on the IP, CT, and DP estimates.
5. Since the primary mirror is considered to be monolith
in our analysis, the impact of the gap and phasing of
Fig. 17 The normalized Mueller matrix versus wavelength for different mirror coatings in TMT is
obtained. Gemini, silver, and aluminum are indicated by different colors and line-styles.
Journal of Astronomical Telescopes, Instruments, and Systems 018003-12 Jan–Mar 2018 • Vol. 4(1)
Anche et al.: Analysis of polarization introduced due to the telescope optics of the Thirty Meter Telescope
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 4/25/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
T
ab
le
2
S
ci
en
ce
pr
og
ra
m
s,
ob
se
rv
in
g
re
qu
ire
m
en
ts
,a
nd
as
se
ss
m
en
tr
es
ul
ts
.T
he
“a
cc
ep
ta
bl
e
IP
”
in
cl
ud
es
th
e
co
nt
rib
ut
io
ns
fr
om
th
e
te
le
sc
op
e
an
d
th
e
in
st
ru
m
en
t,
in
cl
ud
in
g
th
e
ad
ap
tiv
e
op
tic
s
sy
st
em
w
he
re
ap
pr
op
ria
te
.
S
lN
o.
O
bs
er
vi
ng
pr
og
ra
m
an
d
sc
ie
nc
e
ca
se
s
W
av
el
en
gt
h
re
gi
on
Le
ve
lo
f
po
la
riz
at
io
n
pe
r
sp
at
ia
la
nd
/o
r
pe
r
sp
ec
tr
al
el
em
en
t
F
ie
ld
of
vi
ew
R
eq
ui
re
d
S
/N
pe
r
w
av
el
en
gt
h
bi
n
Li
m
it
of
ac
ce
pt
ab
le
po
la
riz
at
io
n
ca
lib
ra
tio
n
er
ro
r
A
cc
ep
ta
bl
e
in
st
ru
m
en
ta
l
po
la
riz
at
io
n
A
cc
ep
ta
bl
e
de
gr
ee
of
C
T
A
cc
ep
ta
bl
e
am
ou
nt
of
D
P
A
ss
es
sm
en
t
1
C
he
m
ic
al
st
ra
tif
ic
at
io
n
an
d
ev
ap
or
at
io
n
pr
oc
es
se
s
in
co
m
et
s
30
0–
80
0
nm
0.
4%
to
15
%
E
xt
en
de
d
nu
cl
eu
s
sl
it
le
ng
th
∼
2
ar
c
se
c
∼
50
0
0.
10
%
~
F
ew
%
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
T
he
es
tim
at
ed
IP
,C
T
,a
nd
D
P
va
lu
es
ar
e
w
ith
in
th
e
ac
ce
pt
ab
le
lim
its
on
ly
in
th
e
ne
ar
IR
re
gi
on
an
d
no
t
in
th
e
op
tic
al
re
gi
on
.
2
O
ut
flo
w
ge
om
et
ry
of
qu
as
ar
s
O
pt
-N
IR
an
d
1
to
13
μm
0%
to
40
%
∼
5
ar
c
se
c
∼
10
3
0.
1%
to
1%
∼
1%
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
T
he
es
tim
at
ed
IP
,C
T
,a
nd
D
P
va
lu
es
ar
e
w
ith
in
th
e
ac
ce
pt
ab
le
lim
its
on
ly
in
ne
ar
IR
re
gi
on
an
d
no
t
in
op
tic
al
re
gi
on
.
3
K
in
em
at
ic
st
ru
ct
ur
e
of
C
S
M
of
yo
un
g
st
ar
s
an
d
br
ow
n
dw
ar
fs
37
0–
10
00
nm
∼
1%
S
in
gl
e
ob
je
ct
,
se
ei
ng
lim
ite
d
0.
10
%
<
1%
re
q,
<
0.
5%
go
al
∼
1%
∼
10
%
T
he
es
tim
at
ed
IP
,C
T
,a
nd
D
P
va
lu
es
ar
e
w
ith
in
th
e
ac
ce
pt
ab
le
lim
its
on
ly
in
ne
ar
IR
re
gi
on
an
d
no
t
in
th
e
op
tic
al
re
gi
on
.
4
H
ig
h-
co
nt
ra
st
im
ag
in
g
of
pr
ot
op
la
ne
ta
ry
di
sk
an
d
m
ag
ne
tic
fie
ld
st
ru
ct
ur
e
by
po
la
riz
ed
flu
x
1
to
2
μm
J,
H
,
K
ba
nd
s
5%
5
×
5
ar
c
se
c
0.
10
%
<
2%
re
q,
<
1%
go
al
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
<
2%
T
he
es
tim
at
ed
IP
,C
T
,a
nd
D
P
va
lu
es
ar
e
w
ith
in
th
e
ac
ce
pt
ab
le
lim
its
fo
r
th
e
en
tir
e
w
av
el
en
gt
h
re
gi
on
.
C
an
be
su
pp
or
te
d
by
T
M
T
.
5
M
ag
ne
tic
fie
ld
of
m
as
si
ve
ev
ol
ve
d
st
ar
s,
ch
em
ic
al
ly
pe
cu
lia
r
st
ar
s
an
d
w
hi
te
dw
ar
fs
35
0–
10
00
nm
0%
–
0.
6%
va
ria
bl
e
S
ee
in
g
lim
ite
d
po
in
t
so
ur
ce
10
00
0.
01
%
0.
2%
to
0.
3%
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
N
ot
a
si
gn
ifi
ca
nt
pr
ob
le
m
T
he
es
tim
at
ed
IP
,
C
T
an
d
D
P
va
lu
es
ar
e
be
yo
nd
th
e
ac
ce
pt
ab
le
lim
its
fo
rt
he
en
tir
e
w
av
el
en
gt
h
re
gi
on
.
U
nl
ik
el
y
to
be
su
pp
or
te
d
by
T
M
T
.
6
V
eg
et
at
io
n
re
d
ed
ge
of
ex
op
la
ne
ts
60
0–
80
0
nm
U
pt
o
20
%
of
pl
an
et
flu
x
<
3
ar
c
se
c
<
10
4
0.
01
%
<
0.
1%
0.
05
%
T
he
es
tim
at
ed
IP
,C
T
,a
nd
D
P
va
lu
es
ar
e
be
yo
nd
th
e
ac
ce
pt
ab
le
lim
its
fo
rt
he
en
tir
e
w
av
el
en
gt
h
re
gi
on
.
U
nl
ik
el
y
to
be
su
pp
or
te
d
by
T
M
T
.
Journal of Astronomical Telescopes, Instruments, and Systems 018003-13 Jan–Mar 2018 • Vol. 4(1)
Anche et al.: Analysis of polarization introduced due to the telescope optics of the Thirty Meter Telescope
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 4/25/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
the segments on the polarization has to be estimated.
We are currently estimating the impact of these polari-
zation effects on the point spread function of the
telescope and nonpolarimetric performance of TMT.
The results of this analysis will be presented in our
next paper.
Appendix A: Polarization Ray Tracing
Algorithm
A1 Primary Mirror
The primary mirror of the TMT is a concave hyperboloid,30
which can be defined by the equation in the Cartesian coordinate
system:
EQ-TARGET;temp:intralink-;e004;63;586 −
x2
ap2
−
y2
ap2
þ ðzþ cpÞ
2
cp2
¼ 1; (4)
with the vertex of the hyperboloid at the origin. The values
of ap and cp can be expressed in terms of the radius of
curvature and the conic constant of the hyperboloid mirror.
The incident ray can be represented by the DCs of the unit vector
i^ as ð0; sin η;− cos ηÞ, where η is the field angle of the star
with respect to telescope axis. The DCs of the normal to the
mirror surface at every point (x; y; z) can be found, as
described in Sen and Kakati.23 The DCs of the reflected rays
from the primary mirror surface can be represented by the
unit vector:
EQ-TARGET;temp:intralink-;e005;63;430 ^ ¼ i^ − 2n^ði^ · n^Þ; (5)
where n^ is the unit vector in the direction normal at the point of
incidence. The dot product between the DCs of the incident ray
and the normal gives the incident angles for all the rays on
the mirror surface. The Fresnel reflection coefficients are esti-
mated,29 as presented in Sec. 2.
Definition of 100% linearly polarized light: The electric field
vector of the paraxial ray is considered to make an angle α with
the y-axis (projection of celestial North–South) of the telescope.
The DCs of this electric field vector are given as
ðle; me; neÞ ¼ ðsin α; cos α; 0Þ. Now, if the star is at a field
angle of η with the optical axis of the telescope (Z-axis),
then DCs of the electric field vector would change from the ear-
lier situation where the field angle is zero. The electric field vec-
tor and the incident ray are orthogonal to each other. Using these
conditions, we find the DC of the electric field vector, Edc for
the polarized light as ðsin α; sin α cos η;− sin α sin ηÞ.23 The
DCs of p and s vectors are represented as s^incpri ¼ i^ × n^,
p^incpri ¼ i^ × s^incpri, p^refpri ¼ s^incpri × r^. Ep. Further, Es can
be calculated from the relation:
EQ-TARGET;temp:intralink-;e006;63;180 p ¼ Edc · p^incpri; Es ¼ Edc · s^incpri: (6)
The amplitudes of the components of electric field
vector of reflected ray in the p and s directions are related to
the corresponding amplitudes of the incident ray by the follow-
ing relations, where rp and rs are the reflection coefficients and
Ep and ES are the amplitudes of the electric field vector:
EQ-TARGET;temp:intralink-;e007;63;92 p ¼ rpEp; Rs ¼ rsEs: (7)
A2 Secondary Mirror
The secondary mirror of TMT is a convex hyperboloid, which is
described by Eq. (8):
EQ-TARGET;temp:intralink-;e008;326;715 −
x2
as2
−
y2
as2
þ ðz − τÞ
2
cs2
¼ 1; (8)
where τ is the distance between the vertices of primary and
secondary mirrors. The point of intersection on the secondary
mirror for all the reflected rays reflected from the primary
can be found. The DCs, incident angles, and reflection coeffi-
cients are determined for all the rays reflected from secondary
(the details of the geometries can be followed from Ref. 23). The
electric field of the light ray incident on the secondary mirror is
the reflected electric field from the primary mirror having two
components sEp and sEs given as follows:
23
EQ-TARGET;temp:intralink-;e009;326;575sEp ¼ ðRpDr1 þ RsDr2Þ; (9)
EQ-TARGET;temp:intralink-;e010;326;544sEs ¼ ðRpDr3 þ RsDr4Þ; (10)
where
EQ-TARGET;temp:intralink-;e011;326;509Dr1 ¼ p^refpri · p^inc sec; Dr2 ¼ s^incpri · p^inc sec; (11)
EQ-TARGET;temp:intralink-;e012;326;481Dr3 ¼ p^refpri · s^inc sec; Dr4 ¼ s^incpri · s^inc sec: (12)
If the light originally incident on primary is unpolarized, then
after reflection from the primary, we consider two components
of it for our analysis at the secondary mirror surface: (1) polar-
ized light (pp) and (2) unpolarized light (1-pp), where pp is the
IP due to reflection from primary. Now, the polarized compo-
nents will have their electric vectors in s and p directions
(when reflected from secondary), given by
EQ-TARGET;temp:intralink-;e013;326;377sRp ¼ sEprpspp; sRs ¼ sEsrsspp; (13)
where rps and rss are the reflection coefficients for the secon-
dary mirror. Similarly, for the unpolarized component, the
electric vectors will be
EQ-TARGET;temp:intralink-;e014;326;314sRp ¼ sEprpsð1 − ppÞ; sRs ¼ sEsrssð1 − ppÞ: (14)
A3 Nasmyth Mirror
Figure 1 shows various instrument configurations on the
Nasmyth platform. The rotation and tilt of the mirror are depen-
dent on the instrument position, instrument elevation, and the
zenith angle of the telescope. The coordinate system used to
derive these angles is explained in the TMT design requirements
document:30
EQ-TARGET;temp:intralink-;e015;326;192θ ¼ arctan

cos ζ cosðIEAÞ sinðIBAÞ − sin ζ sinðIEAÞ
cosðIEAÞ sinðIBAÞ

;
(15)
EQ-TARGET;temp:intralink-;e016;326;139Φ ¼ 0.5 arccos½− sin ζ cosðIEAÞ sinðIBAÞ
þ cos ζ sinðIBAÞ; (16)
where ζ corresponds to the zenith angle of the telescope. It
varies from 0 deg and 65 deg. IEA is the instrument elevation
angle and IBA is the instrument bearing angle. θ and Φ
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correspond to the rotation and the tilt of the Nasmyth mirror
depending on the instrument position. The DC of the normal
ðt^nÞ to the M3 mirror is given by (sin Φ cos θ, sin Φ sin θ,
cos Φ). The incident angle, DC of the reflected ray, s-vector and
p-vector directions are calculated using the previously discussed
approaches. The electric fields of the light ray incident on
the Nasmyth mirror (tEp and tEs) are estimated using Eq. (12)
as it was done previously in the case of the secondary mirror.
While considering unpolarized light incident on the primary and
now reflected from the Nasmyth mirror surface, as before we
consider two components of the light, one component (ss) fully
polarized and another component ð1 − ssÞ unpolarized. The
Stokes parameters in p − s coordinate frame for the reflected
electric field vector can be estimated25 and are transformed
into X − Y coordinate system. Finally, these are integrated over
the mirror surface.23 The instrumental linear polarization (IP) is
calculated at the Nasmyth focus for unpolarized light entering
the telescope system, using the Stokes vectors given below.
Again for 100% polarized light entering the telescope system,
the DP and CT are calculated from the following relations:
EQ-TARGET;temp:intralink-;e017;63;135IP ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q2 þU2
p
I
; (17)
EQ-TARGET;temp:intralink-;e018;63;91DP ¼ I − ðQ
2 þU2 þ V2Þ
I
; CT ¼ V
I
: (18)
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